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When a molecule is placed in a nonresonant laser field, the Stark interactions between
the laser field and the induced molecular dipole result in a mechanical force on the
molecule. This nonresonant dipole force is proportional to the intensity gradient of the
laser, thus requiring a strong and focused pulsed laser for a sizable impact on the molecule.
36.4mJ pulses of a 1064 nm Nd:YAG laser focused with a 17.5 cm focal length convex lens
produced a 6.4m/s change in the transverse velocity of a CS2 molecular beam. Using
spherical mirrors with shorter focal lengths such as 10.0, 7.5, and 5.0 cm, dipole forces of
similar magnitude were obtained with laser pulses of much lower energies. In particular
the 5.0 cm focal length spherical mirror provided an 11.3m/s change in the transverse
velocity using 3.6mJ laser pulses. This corresponds to 18-fold increase in the deflection
efficiency, the ratio between the maximum velocity change and the pulse energy. From
the improved efficiency, the nonresonant dipole force can be exerted with ease.
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INTRODUCTION
Molecule optics that controls the molecular external degrees of
freedom using optical forces from light-matter interactions has
grown into a major branch of physics [1, 2]. Most widely used
optical force is the dipole force—mechanical force of light result-
ing frommolecular induced dipole-light field interactions. Due to
the small magnitudes of induced dipoles, focused beams of high
energy nonresonant infrared (IR) pulsed lasers have been used
to exert a nonresonant dipole force to a molecule. Some exam-
ples include a molecule lens focusing a molecular beam [3–5],
a molecule prism spatially separating a molecular mixture beam
[6], a moving periodic optical potential slowing down or acceler-
ating molecules [7–9], and correlated rotational alignment spec-
troscopy with aligning molecules non-adiabatically [10]. Ideas
such as deflection of pre-aligned molecules were also proposed
[11, 12].
One practical difficulty in molecule optics is the use of a
high energy laser which causes issues with molecular ionization
and optical component damages. We solved these problems by
tight focusing of a laser exerting dipole forces. The dipole force
on a molecule is proportional to the gradient of the optical
field intensity. In comparison, the direct ionization probability
by n photons is proportional to the n-th power of the inten-
sity. Thus, if a lower energy laser is focused more tightly to
obtain a dipole force of a similar magnitude, the molecular ion-
ization is significantly reduced, in addition to the laser handling
ease. When an IR laser is used for a nonresonant dipole force,
more photons are needed than in the case of a visible laser to
ionize a molecule. Therefore, the advantage of tight focusing
will be more pronounced. Using focusing units of different focal
lengths, pulses from a 1064 nm Nd:YAG laser were focused on a
CS2 molecular beam to compare the nonresonant dipole force
efficiency. By focusing with a 5.0 cm focal length spherical mir-
ror, 3.6mJ pulses produced an 11.3m/s change in the transverse
velocity of the molecular beam. Meanwhile a velocity change of
6.4m/s was obtained by focusing 36.4mJ pluses with a 17.5 cm
focal length convex lens. The deflection efficiency, given as the
ratio of the maximum velocity change and the pulse energy, was
improved 18 times greater with a tighter focusing of the IR laser.
MATERIALS AND METHODS
The experimental setup was similar to the one used by Zhao
et al. [4]. CS2 vapor at room temperature was mixed with Ar to
2 atm and expanded to a vacuum system through a pulsed valve
at 10Hz (9-365-900 Solenoid Valve, Parker Instrumentation,
Fairfield, NJ, USA). The vacuum system consisted of source and
detection chambers, separated by a skimmer (Beam Dynamics,
Minneapolis, MN, USA) with a 0.51mm diameter hole. The
source chamber was pumped by a 2400 L/s diffusion pump
(VHS-6, Varian, San Francisco, CA, USA) and a rotary backing
pump, yielding a 1.1 × 10−6 Torr pressure. Figure 1 shows the
detection chamber that had a 20 cm cube with a 2.25 inch win-
dow for a laser beam to enter the chamber. There was also a
40 cm time of flight (TOF) tube with a 2D-imaging detector at
its end. The 2D-imaging detector was a chevron-type microchan-
nel plate (MCP, 3040-FM, Galileo, Sturbridge, MA, USA) and a
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FIGURE 1 | Schematic of the experimental layout. The molecular beam
propagates along the z-axis while the laser beam is along the x-axis. The
molecular beam is deflected by an IR laser pulse along the y -axis and then
ionized by a UV laser pulse.
P47 phosphor screen. The pressure inside the detection chamber
was approximately 6 × 10−7 Torr, maintained by pumping with
a 250 L/s turbo molecular pump (Turbo-V 250, Varian) and a
rotary backing pump.
The expanded gas was collimated by the skimmer to cre-
ate a molecular beam going through a 0.6mm pinhole. The
molecular beam was then deflected by a focused IR (wavelength
λ = 1064 nm) pulse (10 ns) of a linearly polarized Nd:YAG laser
(Powerlite 8000, Continuum, Santa Clara, CA, USA). A Glan-
laser polarizer and a half wave plate controlled the polarization
direction and IR laser intensity. After a 30 ns delay, the deflected
molecular beam was crossed by a focused ultraviolet (UV, λ =
355 nm) pulse (10 ns) of another Nd:YAG laser (Surelite II-10,
Continuum). The temporal profiles of both IR and UV laser
beams were recorded by a photodiode. The UV laser ionized
molecules through multiphoton-ionization processes [13]. The
focusing degrees were changed by using different focusing com-
ponents. A 17.5 cm focal length convex lens was placed in front
of the detection chamber window to focus the IR and UV lasers.
For tighter focusing, spherical mirrors of 5.0, 7.5, and 10.0 cm
focal lengths were placed inside the chamber using a triple axis
feed-through (PSM-1502, MDC, Hayward, California, USA). We
controlled the input laser energy before focusing by a half wave
plate and a linear polarizer. The IR laser focus center, laser prop-
agation direction, and molecular beam axis were chosen as the
origin, x-axis, and z-axis, respectively.
There was an electrostatic lens system of three electrode plates:
a repeller, extractor and ground in the detection chamber. The
electrostatic lens system details were provided in our previous
report [14]. When the ions were focused onto the MCP by
using a combination of three electrodes without grids, ions of
the same velocity were mapped onto the same position regard-
less of their initial positions. This focusing electrode configu-
ration performed velocity map imaging (VMI) [15] detecting
the changes in molecular velocities deflected by the nonreso-
nant dipole force by the IR laser pulse. The focal length of the
electrostatic lens was controlled by the ratio of the extractor volt-
age and repeller voltage. The VMI condition in this report was
900, 600, and 0V for the repeller, extractor, and ground, respec-
tively. The accelerated ions arrived at the 2D detector 13.9μs after
FIGURE 2 | Deflection curves of the transverse velocity change along
the y-axis vs. the relative y-position. (A) Focusing the IR laser with a
17.5 cm focal length lens for 36.4mJ/pulse, I0 = 0.65 × 1012 W/cm2.
(B) Focusing the IR laser with a 10.0 cm focal length mirror for
9.1mJ/pulse. I0 = 0.47 × 1012 W/cm2. (C) Focusing the IR laser with a
7.5 cm focal length mirror for 3.6mJ/pulse. I0 = 0.43 × 1012 W/cm2. (D)
Focusing the IR laser with a 5.0 cm focal length lens for 3.6mJ/pulse.
I0 = 1.09 × 1012 W/cm2. The circles are the measured velocity changes
along the y -axis and the solid lines are fits to Equation (1).
ionization. When the focused molecular ions hit the MCP, the
ion signals were amplified and electrons were emitted from its
back. The emerged electrons impinged on the phosphor screen,
which led to the phosphor screen flash. An intensified CCD cam-
era (ICCD, DH534-18F-04, Andor, Belfast, UK) recorded the
images on the phosphor screen. A photomultiplier tube (PMT;
1P21/E717-21, Hamamatsu, Hamamatsu City, Japan) and an
oscilloscope (LT344, LeCroy, Seoul, Korea) were also used to
measure the TOF of the focused molecular ions.
We scanned the UV laser focus in the y-axis by tilting the
reflection mirror by 0.5μm or 1μm division. In our experimen-
tal setup, tilting the reflection mirror 1μm resulted in 0.76, 1.13,
1.53, and 2.31μmmovement of the UV laser focus for the 5.0, 7.5,
10.0, and 17.5 cm focusing units, respectively. 1500 shot images
were averaged, 60 pixels along the x-axis near the x-center were
binned, and the profile was fit to a Gaussian function to obtain
the y-center at each of the UV laser’s y-position.
RESULTS AND DISCUSSION
The velocity shift of the molecules of massm in the y-direction by
the dipole force is then given by Stapelfeldt et al. [3], Zhao et al.
[4], and Chung et al. [14]
vy = Y
TOF
=−
√
2παηI0y
mω0vz
√
1 + 2( ln 2) (ω0/vzτ)2
exp
(
−2y
2
ω20
)
, (1)
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Table 1 | Molecular deflection with tight focusing.
f (cm) ω0 (µm) G (10−3 J) vmax (m/s) vmax/G
(× 103 m s−1 J−1)
5.0 4.5±0.4 3.6 11.3±0.5 3.1±0.14
7.5 7.1±0.7 3.6 7.9±0.6 2.0±0.18
10.0 10.6±1.0 9.1 6.4±0.3 0.72±0.04
17.5 18.3±1.9 36.4 6.4±0.3 0.18±0.01
where Y is the distance between the y-centers of ion images
obtained with the IR laser turned on and off. TOF is time of flight
of the deflected ions. The y value is the y-coordinate of the UV
laser focus with respect to that of the IR laser at the origin. α is
the molecular polarizability and η the impedance of vacuum. I0,
ω0, and τ are the peak intensity, beam waist radius, and pulse
duration (full width at half maximum), respectively.
To investigate the effects of the nonresonant dipole force by
the IR laser pulse on the molecular beam, the experimentally
obtained vy values (= Y/TOF) were compared with the the-
oretical predictions provided in Equation (1). The beam waist
radius (ω0) was determined by fitting the results to Equation
(1). Figure 2A shows that 36.4mJ/pulse IR laser pulses focused
with the 17.5 cm focal length convex lens produced vmax =
6.7m/s at y = ±ω0/2 with ω0 = 15.7μm. When the spheri-
cal mirror of 10.0 cm focal length inside the detection chamber
was used, 9.1mJ IR pulses produced vmax = 6.6m/s and ω0 =
9.5μm (Figure 2B). Thus the tightly focused laser pulses of
one-quarter energy exerted nonresonant dipole forces of similar
magnitudes on CS2 molecules. Furthermore, with the 7.5 cm focal
length spherical mirror, laser pulses with only one-tenth energy
of 3.6mJ/pulse produced vmax = 6.3m/s and ω0 = 8.1μm
(Figure 2C). When the 5.0 cm focal length spherical mirror was
used for 3.6mJ/pulse IR laser pulses, a tighter focusing yielded
vmax = 11.6m/s andω0 = 4.0μm (Figure 2D). The averageω0
and vmax values are listed in Table 1. At 10mJ/pulse or lower
energy levels, the complications from molecular ionization and
optical component damages were practically non-existing.
In a Gaussian-beam optical system, the beam waist radius is
given by Saleh and Teich [16]
ω0 = λM
2
πωL
f , (2)
where f is the focal length of the focusing mirror (or lens) and
ωL is the radius of the collimated beam at the mirror (or lens).
The 1/e2 width of the IR laser beam equal to 2ωLwas 9.6mm. M2
is the quality factor (1.0 for an ideal Gaussian beam). Figure 3
is a plot of ω0 vs. f. The circles are the data from the deflection
curves using Equation (1) and the solid line represents Equation
(2) with M2 = 1. Our data shows that the focused spot size was
proportional to the focal length of the focusing unit with M2 =
1.5 as shown with a dotted line.
Using the energy per pulse of a Gaussian profile, G, the deflec-
tion efficiency of the dipole force defined as vmax/G becomes
FIGURE 3 | The relationship between the beam waist radius and focal
length. The measured data are denoted by the circles. The solid line is a
plot of Equation (2) with M2 = 1 and the dotted line with M2 = 1.5.
FIGURE 4 | Deflection efficiency (vmax/G) vs. ω0. The solid line
represents the deflection efficiency in Equation (3). The filled triangles are
the experimental data. The dashed line represents the deflection efficiency
with the experimental conditions in Stapelfeldt et al. [3], and the circle is
the result from Stapelfeldt et al. [3].
vmax
G
= 2
√
2 ln 2αη
π
√
eω20mvzτ
√
1 + (2 ln 2) [ω0/ (vzτ)]2
. (3)
Figure 4 shows a plot of the deflection efficiency as a function
of ω0. When the focal length of the focusing unit was reduced,
the deflection efficiency increased to 0.18 × 103 (f = 17.5 cm),
0.72 × 103 (f = 10.0 cm), 2.0 × 103 (f = 7.5 cm), and 3.1 × 103
(f = 5.0 cm) m s−1 J−1. Therefore, the deflection efficiency was
enhanced more than 18-fold with tighter focusing using the
5.0 cm spherical mirror compared to the 17.5 cm convex lens. The
results are listed in Table 1. The solid line represents the theoreti-
cal deflection efficiency of Equation (3) using α = 9.7 × 10−40 C
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m2 V−1, η = 376.7 	, vz = 498m/s [17], m = 1.26 × 10−25 kg,
and τ = 10 ns. The experimental data provided with error bars
showed a similar pattern with the theoretical line, but more devi-
ation from the theoretical line with smaller ω0. The deflection
efficiency of the dipole force in Stapelfeldt et al. [3] was about
1.2 × 103 m s−1 J−1. For comparison, the result in Stapelfeldt
et al. [3] with the corresponding theoretical line using their
experimental parameters is shown in Figure 4.
CONCLUSIONS
Using a short focal length mirror, we demonstrated that a low
energy laser pulse could exert a nonresonant dipole force on the
molecule to yield a sizable impact on the molecular motion. The
gradient of the focused laser intensity was increased to result
in a larger dipole force with a shorter focal length. 1/10 energy
IR laser pulses focused by a 5.0 cm mirror produced a 1.8-fold
change in the transverse velocity of a CS2 molecular beam com-
pared to the case with a 17.5 cm lens. The deflection efficiency
was enhanced 18-fold. Therefore, the nonresonant dipole can be
utilized for molecule optics with much less concern for problems
such as ionization, fragmentation of molecules, or optical com-
ponent damages. A high energy pulsed laser at a fixed wavelength
hitherto was used for molecular deflection. If a tightly focused
laser of 5mJ pulse energy, readily available from a tunable laser
over the visible and near IR ranges, is used for molecular deflec-
tion, more interesting investigations on molecule optics can be
carried out.
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